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1. ND& of action of diphtheria toxins Using tritiua-labolled toxin,
it has been shown that HeLa cells treated with a satusting dose take up
less than 29 ( O.O0ug/al) of the added toxin within a 5-hour period.
Diphtheria toxin exerts its action on cells by inhibition of protein
synthesis. Low concentrations of toxin block the incorporation ofC14-a'uno acids into protein in extracts of HeLa cells and of rabbit
reticulocytes. Action of the toxin requires the presence of a specificcofactor which has been 14entifled as nicotinamide adenine dinucleotide
(NAD). It has been shown that the toxin interferes with a step involving
the transfer of aninoacide from aminoacyl-M to the growing polypaptide
chain.

ie Studies on dihtherial nhaoe.* A usthod for phege assay has been
developed using an anl-head pyrotein oerm gmmglobulin fraction,
trae labelled with 1, 1. Bacteria to which 4 or owe phage particlesha been absorbed e specifically agglutinated by the eels..e
agglutinate Is collected on Ullipore filters and santed or I1o .

The wthod has proved useful in studying the defective -on-plaque forse-
Ing Phages released by strains PoDd) and PO. Following induction ofP(Wd) by UW light, the burst size is the sam as for the nmml lysogenic
strain, P(P). The~ad pti~ge sas ore norsmily to the sensit~ive C7(-)stroin and using P -labelled $6, it has bg fouid that its IWA is
injcted normlly. As isternned by the I s l-d, the Claeaic O
stnin releses less then Z9 as uch absarbable phege following UN
indoction as do P(P) and P(Pd) under slmilU ceditions.
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OMO ACTION OF DIRMEHRIA IMIN

It was shown by Strauss and Hendee (1), that following addition
of a "saturating do"e" ( 0.5pg/a1) of purified diphtheria toxin to a
growing culture of H.La cells, growth and protein s4,nthesis continue
at their normal rate for 1.5-2 hours and thee cooee abzijptl * Very
such lower concentrations of toxin will kill aselisn call* If lv#ft
on contact with thu for aprolonpd length of tin. In fact It canl
be calculated from the experimnts of Lennox and Kaplan (2) and of
G~blikstd Solotorof sky (3), that toxin at a concentration of .144
than 10 M equivalent to only 200-400 mol.iiles per cell, Is loWt1v
for certain strains of mammlian cells within 3-4 days. How mwc*.
toxin Is actually taken up by the cells when tafln Is added to a sos-
pension In esturatirg caoncentrations? Zn or attept to awwfr this
question, we hae prepared highly purified tritiu-labled toxin and
Attempted to meamwe Ita uptake by culturs of the 33 strain of HeLa
cells.

Tritiated tbein wasprpee by growing the SM-I variant of Phe
FM strain In Yo-no4a's sedim (4) containing -aniformly labelled R'-l-
insthionine. The W4-toxin was purified by aPemnum sulfate fractions-
tion, followed by passage thrug taphadex 0-25 and finally by fractions-
tion on a MA- coluimn. The final product contained 2."~. protein and
60ald por Lf and 160 counts per win per pg. In a typicel eaprimnt,
thret- culture flasks Pare Inoculated, each with 100IHeLa (83) cells
perual. To flasks Aand 3wereadW&dca 7x 04ps/m C4-pheylalaninol
to flasks 3 and C ware added 1.7)g/al tritisted toxin. At hourly
irntrrvils one ml samples were withdrw and the cells collected on
Mllipore filters. Cells from flasks A and 3 were .ounted f,:! ClA;
these from flask C for tritiu@. 7M. C14 counts sbowed that phenmlalanine
utake In the flasks containing toxin began to slow down and deviate fromm
the control after 2 hours and %W cone to a standstill within 5 haws.
Table I shows the results of the parallel expernt (flask C) to which
labelled toxin but no C14-jphenylalanine was added. The radioactivity
recomeed with the cells sexeae only 2.59 of the total counts added,
did not change, significantly, with tins over the 11 how period and wee
taneffected by washing. In fact Vie counta were not appreciably greater
than In twro Um cowK"Ies in which toxin was repidly pessed through
Ellpore filters on which 106 HeLa cells had previously been collected.
At the end of the 5 hew period, up to 90 of the labelled toxin could
be recovered froms the filtratet by co-,aeeiptatIon wtith added up-
labelled toxin and am eqvivalea' imunt of ofti-toxin.

It seem clow frem thes rt-olte of lamin and Kaplan and of
0sblko end Solaorewf sky referred to abo e, that only a emil fraction
of a satumrating date woul nteed to pea the cell -- sn in , rades to
kill a oll. At the eatrewaly low coneebtitla that "he used
(ce I0r&V or 200-400 molecules per ce!l) diffusion msy be a liniting
factor In determining the length of the latent period. If the toxic
protein Is taken up by pinocytete, then the cells smet imbibe large
aumnts of culture fluid, since the total sell volume In their ex-
poriinnts woo lose than 043L The exWvints wtih labelled toxin
have failed to tell us just be nab tawin Is fixed by sensitive cells.
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Nevrtheless, they do demonstrate that the amunt of toxin which Is
fixed or passs ough the cell membrane Is very small Inde and
may be only a fe lcules per cell, *von in the prosenco of high
toxin concentrati s. Thi fact to of significance In consiiering
the mode of action f diphtheria toxin, einc* It seem to preclude the
likelihood that call doage Is the result of one to one Interaction of
the toxin moll th a stable cell component such as an enzyme.
It suggests, vather, that the toxin my act catalytically to activate

_ __ _ a degradative army or to Inactivate a vital enzym or other cell
catalyst.

Table 1

Uptake of H-ti ne-labelled diphtheria toxin by Net& cells
(53) In spurner culture

2Nns IXpnuo r 06 a

Abdium loneamd 59 TCA

(a) (b)

1 10.8 I97. 8.78.
9.1 8.7 8.3 4.5

3 6.5 10.5 7.2 9.2
47.3 6.6 11.9 5.1
5C5. 9.6 6.4 3.0

(0.0) (9.0) (6.7) (6.0)

a on@ ml sasles col lected on Millipore filters and counted. 106
HeLa cells per ml. and 1.7pg (275 cm) per al highly purified It'-
mthionin-e-labelled toxin.
b At zero ties 106 norml ROsL& calls collected an filter. Then
I %I containing l.7)ig toxin rapidly filtered through.

CAfter 5 hawrs, 50-90% of the labelled toxin me rocovese from
the supernates by spcfc coprecipitatlon with added unlabolled
toxin and Intitoxin.plc
d Fipare In ---- ena Indicate averages eve the entire period.

"reftf &aigsIA! toriti an ano atf$ Ws WpO OIn Anyt I
L&st yow we repaod preliminery experiments byi 3. Je Collier ablch
sIm d that In the ptojence of only 0#5WvIm purified toxin, adno
aci Incorporation inti r,-Appides by cell-free extracts from lIbLe
cells was Inhibited WJ6 *.#* inhibwition was Ihe n to be specific
for toxin Itself, ewn thkAagh atitoxin failed to neutralize the
effect Completely. Tn6Wps,j r± 1. upecific tximp-antitamin floccules
we still capable @7 inhlbtl almost completely, the incorporation
of amineoacids by the cell-fran sotract.



These experiments hive non been confirmed an extended. It
he$ boon' shown that toxin Interferes In sow way with the transfer
of amino acids from aInoacyl-sRHA to the growing polypeptide chain.
In order for toxin to act, a specific cofactor is required which has
recently been identified as icotinmeide adeine dinucleotlde (MAD).
Inhibition of volyphenvylgling pM bosjjs It eemed possible that
toxin might be acting to inhibit selectively the incorporation of
only one of the 20 aminoacids into protein. It therefore seemed
worthwhile to tast the effect of toxin on the incorporation of C14-
phnylalanine in the presence of the synthetic nossenger RNA,
polyuridylic a~id, which codes for the frmation of polyphenylelanine.
Table 2 shows that poly-U-stimmulatd incorporation of phonylalanine
by HsL cell oxtracts is indeed blocked by low concentrations of
toxin. It would thus appear that if toxin inhibits the incorporation
or only one of the amino acids, then that amino acid m-st be
phenylalanins. his possibility seem unlikely.

Tolt 2

Effvct of diphtheria toxin en poly-U-stivulatad inco-sportion

of C14-phonylalanine in HsL cell extracts*

Additions C-14-phonylelanii.
Incc. orationcpe/s le

None 275

poly-u, 5" 14M

Poly-U, "Oa toxin, 15g 206

Mte complete system contained 1 mle ATP, 0.25 pmole G19
10 pncle cretine phosphate, 120 Amole etire kinese, 50 pl
amino acid mixture, 0.05 Amole (0.6 nu) C14-phnylalaninso
20 pmmole GSH, 50 jole KC., 5 mle o. H 0, 50 ymle Tlis
pIf 7.5, end o.4*1 HsLe extract to a final volm of 1.4.l.

Effect of toxin on hem lobin syntheis: Decue of the toch-
nical difficulties of growing large ea of lHsL& calls, evm
in opitme- cultures, we decided to test the effect of toxin on
adno acid incorporation into hemglobin by a partially purifled
cell-fr system p2epad from rabbit reticulocytes. This systim

7----------



.4.

has been extensively -studied by Alln and _Schweet (5), DIntzes (6)
Warner at *1 (7) and others. Reticulocytes wer collected from phenyl-
wydrazin@-"oisoned rabbits and wese extracted and fractionated accord-
Int to Allen and Sciaveet (5). Ribosomes were separated by Migh speed
ceontrigugation and then activating and transfer enzymes together with
ribonucleic acids were precipitated from the supernate with sawdiust
sulfate. Mhe complete system when supplemented with Nan. K+ GTP,
amino acids, ATP and ATP-genersting system was highly active In In- - -

corporst~ng C14-amino acids Into TCA precipitable material. *bob
to our surprise, however, the system proved to be completely in-
sansitive to the action of diphtheria toxin. (Table 3)

Table 3

Incorporation of C14-phenylalenine by cell-free system
from rabbit retiomlocytes*

C1A-phenylalanmne

Cmlete system 1040
No ATP, ATP-generating 7

sys omte a te ihTbe2zap htisedo

Hioe wsa AS70 fraction (poenspeipttd8aw

oinmgt bysem eaeto tfacti thact th Isead inreic
NUloetsarenc udt the d edop0Aleicu r etiu as, isth0 cs

in firse relatin tothis finin tes theaii the sensi-t

tivity to toxin of reticulocyte ribosems plus the soluble factors
frm N&Le extracts and of lisLa micresoms pluc reticulocyte enzrywas

does not determine sensitivity to toxin. It is apparent from the

and~~~~~~~~~~~~~ Rom Tal 4so.celytathsttofbnigf Ibem



table that only those reaction mixtures containing the HOLa super-
note, either alone or in combination with reticulocyte soluble factors,
are inhibited by the toxin. This sugpsts that the" is some factor
contained in the HLa supernate, but not prese.t in the retticulocyte
soluble fraction, which is necessary for action of the toxin.

Table 4

Effect of toxin an C14-1jcine incorporation
in cell-freo extracts

Source of zource of C14-leucine incorpor- Inhibition
Ribosoass saluble factors &,led (cpe/saple)e

control Toxin (15pg/m1)

reticuloCytO reticulocytae 1414 1418 0
reticulocyte IiA 1776 355 80

HoLa reticulocyto 292 311 0
reticulocyt. reticulocyte

+ 2166 672 69
HoIA

0 0. uc C14-loucine added to each react.on miat-re

Identification of cofactor rtcuIre for toxic action: It soon becam
evident that the cofactor present in the HeLa sup*rto was a mull
molecule. After dialysis or passage through Sephadox G5, the HLA
mip&rnato retained its full amino acid incorporating activity when
supplemented with the microsomal fraction. 1rver, dialysed or
gel-filtred pernats were completely iunonitiX to Inhibition
by toxin. Sensitivity could be restored by addition of a boiled
extract of HLe cells from which coagulated protein had been removed.
Addition of boiled HOL extract also rendered the reticulocyte system
sensitive to inhibition by toxin.

Before attempting to frectionsts boiled extrocts, vious
kni cofactors were tested for their ability to restore sensitivity
of the dialysed systm to toxin. The factors tested included flavin
iscleotides, pyridine nucleotides (MAD and MM), pyridoxal phosphate
and a yeast concentrate. Only MAD, MACH and yeast extract (containing
WD) restored the sensivivity ol the dialysed HaL& system and of the
reticulocyte system to toxin. Table 5 shows that in the presence of
only 0.5)gMAD per ml, there was sbout 50% Inhibition of Incorporation
of C14-locins in the roticulocyta system by 6Lf/al toxin. The table
ohms that 50-100 tim so much MV ware required for 50% ihibition
by toxin in tAa sm system (there were probably traces of NAD in the
NW preparation). It tOs *am virtually certain that the dislytablo
cofecto, in HL sup@. Us ND*

n" 1 Tl MM....
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Table 5

Effect of NAD and KADP on inhibition
by toxin of ittaoxporation of C14-leucin* by

reticulotyte system.

Toxin Cofactor C14-1sucine incorporated
added added (cpm/sauMpl)

lug MDAD!

o 0 549
15 0 543
0 50 539 5

15 0.1 489 539
15 0.5 371 534
15 2.5 213 489
15 50 142 333

0.6pc C14-leucine to each reaction mixture

Effect of toxin on aminoacyl-sRIA formations Pr,)tein synthesis may
be considered to take place in two stepst 1. a reaction of amino
acids and ATP with activating enzymes and sRKA o specific for each
Individual amino acid to form aminoacyl-sRA's and 2. Zransfer of
amino acids from aminoacyl-sRNA to the growing polypeptide chain on
ribosomes held together by messenger uRNA. Reaction 2 is cetalysed
by one or more transfer enzymes. The effect of toxin on step 1 was
tested by following, at .I5C, the uptake of C14-algal protein hvdro-
lysate by reticulocyte tiRA with time in the presence of HAD (50Wa1)
and activating enzymes from reticulocyteso Toxin proved to be
corpletely without effect on aminoacyl-sRNA formation.
Effoct of toxin on the tranefer reaction: Purified adnoacyl-*RNA
was prepared from rat liver RM and C14-phonylalanine or C14-algal
protein hydrolysate in the presence of activating enzymes from
rabbit reticulocytes. The transfer of the labelled amino acids from
the purified C14-aminoacyl-sRNA to hot TCA insoluble polypeptides
was carried out by incubation with the cviplete Incorporating system
containing AS-70 proteins and ribosomes from reticulocytes and
sWpg/ml MD. Table 6 shows that polypeptide formation was indeed
Inhibited 40-65% by low concentrations of toxin.
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Table 6

Inhibition of transfer of C-14 amino acids

from purified C14-aminoacyl-~N to protein by tox-in

Aminoecyl-RNA Supplements or C-14 amino acid Inhibition
deleticns from Incorporated
eomplote system (cpm per sample)

Contol Toxin (i5Uam)

C14-algal protein none 32M 3160 0.1
hydrolysate

509 SAD 3230 1960 39
5W M~AgD lug 3500 I=0 64

each of 18 amino acids
* no ribosomes 55-

C14-phenylalanr none W616; 1
50Sg AD 7S4 4z5 46

50"na poly-U 1313 1M9 19
50 W~g D 50ug lM9 460 63

poly-U

Cinlsps Lo concentrations of highly purified diphtheria
toxin Inhibit incorporation of amino acids tnt* protein by extracies
of lisLe cells and by rabbit reticul~cytes. SAD Is a required co-
factor for this Inhibition. The site of action of the toxin apears
to be on some component Involved In the transfer of amino acids
from W~ft to the prming polypeptide chain. It is not known, as
ywt, stwther toxin Is Itelf an NAD requiring enzyi that doed.
an essential eoqponnnt In the reaction or whether tax'.n activates
a degradative enzym that requires SD as a atfactor.
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STUDIES ON DIPTERIAL PAGES

Lost -ea- we reported studies on the properties of various
lysom.nic .1iihthoria bacilli and of the phages liberated from them
following iu."tion by ultraviolet light. The isolation of a fast-
growi.g defoctivc lysogenic, toxigenic strin P(Pd) was dascribed
and its p.,-operties were compared with other nors.l lysogenic strsinf,,
P(P) and C'7(?) and with the respiratory-dofective high toxin-producing
stra'A P11. Those studies u.vo been continued during the past year
and t i prooess has been made towards finding out the nature of the
defecti 1,9!tjoes derived from P(Pd) and M.
ZMSrL.7_ of M'2-labelled ohe ot The Cosadino acid medium t-t
use t.n tho laboratory for growth of aA_ ttmae contains about
600-640&j inorganic phosphorus I.') per liter, derived mainly from
Casamino ecids. It I^ necessar to remove most of this Pho@Phcus
inL orsr ' , prepare P32-phago o high specific activity. Casamino
acide were treated with a slight excess of COCL.210 at pH 8.5 in
the prosence of 7)pc P132 at 10C. The procipitlted'calciuM phosphate
was z..ovc' by filtration leaving only 20-40ng Pi per liter. The
f "Itsas-zi brought to pH7 and the excess Ca was then removed by
trest t it% Dowex Chwlating Resin A-1. The mdium was then
suppleatotad with Waeller' solution 11 containing IV, vitamins,
and Lace elements and with 1.5% mItose.

For preparation of P32-la':.,lled phage, cultures of P(P) in"
grow over ght in the low PI r, J u and then inoculated to ODWO -
0.15 In lc Pi Idium to which .,c/ml crrisr-free P32 had been added.
Aftr ioout 2 hours at 37C when the O reached 0.5 (4 x lObectQr/Ul),
the cultue wse irradiated with W. Two hours later, 19 normal rabbit
serfa and 0/o sodium citrate was added. The burst was coeplete 3
hours after irradiation. After centrifugation, the clew wipertnto was
passed through a lllipore #65 filter and then through a Sphadox 050
columugquilibrated with 1% Casamino acids at pff 7.8 containing
5x l0-' chloreIhenicol. The final yield of P-he avesged about
5 x I&' plaque-frring patictee per al. The preparation contained
ca 20,000 qfIml P32 of which about 5% was Incorporated in pliag.
About double this specific activity was obt'Ined by uing 200 instead
-of 05: Sephadex. P32-labelled lysate from P(P), P(pd) and PO were
P82M by the above procedure.
I'IMaballtd antI-aoM rat e omoiobUt A potn antiserum
-.'reMed by mimnizing rabits with high titer Ds pbage was ex-
baustively absorbed with suspensions of the sensitive non-toxigenic
C7(-) strain. The absorbed serum, wecific for phage heed proteins,
was dialysed against 0.01M phosphate pff7, peased through a DM column
and then sluted with 0.(N phosphate. The elunte was precipitated
with an equal volume of saturatid ammnilum ulfate. The precipitate
was redissolved and passed through Sephadox equilibrated with Trio at

Fourteen ml of the globulit fraction cglaining t Uotl of
100 ag protein was trace-labelled with 2ac L (ca 3 stom per
molecule globulin) according to the mthod of Cohen et &1 (6).

P7 _PT
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When fir t prepa red, the fraction contained 1.8 x i07cps/0 a or
1.8 x l~cpw'u protein of A-radiation. The radioactivity was
about 5%1 sijcllv precipitable by purified be po.e
Reacti-on of l -intlyhat 312bulin with jsscnsios of diphthae

bclilSuspensions of C7(-) bacteria a"e not agglutinated by the
absorbediantiphage globulin. Nvitheless, ~ve after exhiaustive
absorption with the C7 strain, I1 -labelled globulin continues to
be taken up by the bacteria and cannot be removed by washing the
treated bacteria on Alillipore filters. That the reaction is not
S antign-antibody interaction Is proved by the fact that the
Pb'uptake Is Independent of the number of bacteria or the density
of the suspension and i f 3l'irectly proportional to the cocoati2
but not the amount of I' -globulin used in the test. Nbreaver, the
amount of label taken up Is merkedly less wen the C7(-) suspensions
are treated wi ,antiphage In the presence of 5% bovire geaglobulin.

Re~ctio of a~ntohao with 2booe-vensitized bacteria: When 4
ot a=* phage particles per becteriuz are absorbod to suspensions
of the C7 strain, the organisms becom agglutinable by antiphage'
aervim. The agglutinates my be centrifuged, suspended In madium
contaising 0.5% BO, collected on ktllipre filters and counted
for I .~ In antibody excess, the 1131 count Is directly pro-
portiocial to the ph&"e taken up by the bacteria, up to a mlti-
plicity of nearly 300, provided that the 1131 count of similarly
treated unsensitized bacteria is subtracted. This blank Is
relatively swall when the reaction Is carried out in a sodium

* containing 5.1/al flW.

The 0-phages have unusually iong tails (2401) and after
absorption to bacteria and treatment with antiphage becom ex-
tremely sensitive to breakage by shear. A single vigorous
mahing in a pipet, Is su fcient to beak off the phage particles
and reduce the absorbed counts to the level of the control

* suspension. This fact has proved useful In double label exporiminta
designed to deo strate absorption follwd by penetration of
P32-labelled phage DNA.

wen suspensions of purified P from UV-lyvate of P(P ) are
aibsobed to C7, the organism beggge agglutinable by antipheqe
aswun avid take up an scount of 1 o~quivalmt to the phaqe titer.
Maeova2, the defective, noni-plaque-foring Ad ma~n likewise
renders C7 suspensions aglvtinebie and from teI1uptake It
can be calculated that the burst site of P(Dd)ia appeoxisistely the
sm as that of the notmel P(P) strain. Finally, using Ad labelled

wi th P32, It has been siw that the Ad DOP Is Injected Into the

Ccell anid ramins there after the phage toat has been broken off.
1hu:s despite the fact that Ad produces no plaque, on C7 and thattuwsfar " e"avbeen unableto covertC7 toC7(od), the dfective
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W-lysates of PO, prepared in exactly the s"me way as those ftm
P() and P(pd)# fall to render C7 susoensions agglutinable by
antiphage serum ad the treated bacteria take up no meaaurble
1 ! . It has been shown using I8 W-lysates concentrated 15-20
fold, that a few normal-appearing phage particles can be men in
.Lcron micrographs. Her, the present experiments with
i I-antiphage, show that less than 2% as many particles ve
liberated from PWO as from an equivalent number of irradiated P(p)
or P(Pd) organisms. PW6 lysates labelled with P32, contain a small
amount of labelled material that adsorbs to C7 and cannot be semoved
by washing. It seme unlikely that this material is phge MA. It
my possibly be labelled polyphosphate which is known to be present
in diphtheria bacilli.
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